Abstract-Through the real-model simulations, the polarizationdependent confinement losses in actual holey fibers are, for the first time, numerically demonstrated. Furthermore, it is confirmed that the interstitial holes caused by the packing of the capillaries play a role to significantly reduce the confinement losses.
I. INTRODUCTION
P HOTONIC CRYSTAL fibers [1] , also called holey fibers (HFs) [2] , consisting of a central defect region surrounded by air holes running parallel to the fiber length have been one of the most interesting development in recent fiber optics. By varying the size of the holes and their number and position, the dispersive and modal properties could be easily controlled. HFs are usually made from pure silica, and so the guided modes are inherently leaky because the core index is the same as the index of the outer cladding region without air holes.
Recently, the multipole method (MM) has been effectively applied to investigating the confinement losses in HFs [3] , [4] . Although the MM can describe leaky nature of HFs with finite number of air holes and can give accurate results for both the real and the imaginary parts of the propagation constants, it is difficult to deal with noncircular air holes which appear frequently in actual fiber structures [4] , [5] . In the MM, therefore, all the air holes are replaced by the circular ones and some of the interstitial holes and outer holes are usually neglected [4] . More recently, a full-vector finite element method (FEM) using perfectly matched layers (PMLs) as absorbing boundary conditions has also been introduced to predict the confinement losses in HFs [6] . In [6] , however, only the canonical structures, HFs with six-fold rotational symmetry, are treated.
In this letter, the finite element simulations are performed for HFs and the polarization-dependent confinement losses in actual fiber structures are, for the first time, numerically demonstrated. In addition, it is confirmed that interstitial holes caused by the packing of the capillaries play a role to significantly reduce the confinement losses.
II. CONFINEMENT LOSSES
First, to check the accuracy of the full-vector FEM, Fig. 1 pitch , where is the hole diameter and the operating wavelength is assumed to be 1.55 m. Our results agree well with those of the full-vector MM [4] , showing the reliability of the full-vector FEM with PMLs. Next, we consider an actual HF with two rings of arrays of air holes as shown in Fig. 2(a) [5] . Fig. 2(b) shows the corresponding idealized structure with six-fold rotational symmetry, where the hole pitch m and the hole diameter m suggested in [5] . The background refractive index is assumed to be 1.45. Fig. 3 shows the confinement losses of the two linearly polarized fundamental modes called slow-axis and fast-axis modes as a function of wavelength. The real part of effective index of the slow-axis mode is slightly larger than that of the fast-axis mode. The transverse electric-field vector distributions of the slow-axis and fast-axis modes at the wavelength of 1.0 m are, respectively, shown in Fig. 4(a) and (b) . In Fig. 3 , the results for the corresponding idealized structure [5] are also plotted. In the idealized structure, the two fundamental modes are degenerate [7] , [8] , and so the confinement losses are independent of the polarization states. In the actual fiber structure, on the other hand, it is confirmed that the confinement losses depend on the polarization state and that the losses of the fast-axis mode are slightly larger than those of the slow-axis mode. As described above, the real part of effective index of the fast-axis mode is smaller than that of the slow-axis mode and, therefore, the former field is less confined within the core region compared with the latter one. The losses of the real model are quite smaller than those of the idealized model. In the actual fiber structure [5] , there are some relatively large air holes with diameter of 1 m or so [see Fig. 2(a)] , and, therefore, the refractive-index difference between the core and the air-holes cladding regions becomes larger, resulting in the confinement-loss reduction in the real model. Last, we consider another actual HF with interstitial holes as shown in Fig. 5(a) [4] . Fig. 5(b) shows a simplified model according to [4] , where some of the interstitial and outer holes are removed from the original structure in Fig. 5(a) . In [4] , in order to apply the MM, the circular holes arrangement in Fig. 5(c) has been chosen to provide the best match to the real HF structure in Fig. 5(a) . Fig. 6 shows the confinement losses of the slow-axis and fast-axis modes as a function of wavelength. The transverse Fig. 7 . Transverse electric-field vector distributions of (a) slow-axis and (b) fast-axis modes in a real HF shown in Fig. 5(a) .
electric-field vector distributions of the slow-axis and fast-axis modes at the wavelength of 1.55 m are, respectively, shown in Fig. 7(a) and (b) . The difference in the confinement losses between these two fundamental modes is very small for the original structure in Fig. 5(a) . Removing some interstitial holes as in Fig. 5(b) , the confinement losses increase rapidly, especially in short-wavelength region. At the wavelength of 1 m, for example, the confinement loss is less than 10 dB/m 0.001 dB/km for the original structure in Fig. 5(a) , while that is about 1 dB/km for the simplified structure in Fig. 5(b) . We can say that the interstitial holes play an important role to significantly reduce the confinement losses. It seems that the interstitial holes have the effects of increasing the number of air-holes rings and/or the refractive-index difference between the core and the air-holes cladding regions. The results obtained for the further simplified circular model in Fig. 5(c) are almost the same as those for the previous structure with noncircular air holes in Fig. 5(b) , showing the validity of replacing noncircular air holes by the corresponding circular ones. Table I shows the confinement losses at the wavelength of 1.55 m. We can see again that the confinement losses are reduced with increasing number of interstitial air holes. The calculated confinement losses for the original structure in Fig. 5(a) are considerably small, compared with the measured value of 1 dB/m [4] . This seems to be due to the fact that in our calculation, the other loss mechanisms such as material loss and/or Fig. 5(c) , the results of FEM agree approximately with those of MM [4] .
III. CONCLUSION
Through the real-model simulations, polarization-dependent confinement losses in actual HFs have been numerically demonstrated. Also, it was confirmed that the interstitial holes play a role to significantly reduce the confinement losses.
